The interface interaction of Cu(I) with 2,9-dimethyl-4, 7-diphenyl-1,10-phenanthrolinedisulphonic acid immobilized onto silica modified with polyhexamethylene guanidine was studied. The high affinity of metal ion to the modified silica surface was found to be due to the presence of a complex, which is formed as a result of interaction between Cu(I) and immobilized 2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulphonic acid. This reaction was successfully applied to develop an adsorption-photometric method for determining copper concentrations in waters of different types. The detection limit is 0.01 mg per 0.1 g of adsorbent. The calibration function is linear up to 10 mg per 0.1 g of adsorbent. The colour scale and indicator pipe technique were proposed for rapid test determination of copper concentrations in various water types. The detection limit for copper using the pipe technique is 1 mg/l (volume of the water, 50 ml).
INTRODUCTION
There has been an increased attention towards developing analytical methods using modified adsorbents of different nature. A variety of modified solid matrices have been proposed for preconcentration of heavy metals before determining their chemical element composition by flame atomic absorption spectrometry (FAAS; Tewari et al. 2000a, b; Kumar et al. 2001; Tewari et al. 2001; Goswami and Singh 2002; Gurnani et al. 2003; Matoso et al. 2003; da Silva et al. 2004; Khosravan and Shokooh 2009) . It has been shown previously that adsorbents modified with chromophoric reagents could be used directly on the surface of the adsorbent for metal ions adsorption-spectrophotometric determination and visual test (VT) detection. Silica gels modified with 1,10-phenanthroline (Zaporozhets et al. 1998 ), 1-(2-thiasolylazo)-2-naphthol and its derivatives (Zaporozhets et al. 1999a (Zaporozhets et al. , 2003 and zinc dithizonate (Zaporozhets et al. 1999b) were proposed earlier for adsorption-spectroscopic determination of copper. In addition, colour scales for determining Cu(II) concentrations were also proposed. The solid-phase reagents proposed had high sensitivity and selectivity. However, these agents lack stability in high ionic strength media (Zaporozhets et al. 1999a, b) and during air storage (Zaporozhets et al. 2003) .
Bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) is known to be one of the most selective and sensitive reagents for Cu(I) spectrophotometric determination (Pennera and Inmana 1963; Marczenko and Balcerzak 1998) . Water-soluble bathocuproinedisulphonic acid (Bathocupr) *Author to whom all correspondence should be addressed. E-mail: zaporozh@voliacable.com (O.A. Zaporozhets).
was used for copper determination in natural waters and blood plasma (Moffett et al. 1985; Yoshimura et al. 1992; Wrobel et al. 1999) . It is well-known that Cu(I) forms a complex with bathocuproine that is not soluble in water. Thus, it is necessary to separate it using a liquid- (Pennera and Inmana 1963; Marczenko and Balcerzak 1998) or solid-phase extraction method (Bjorklund and Morrison 1997) . Octadecyl silicon disk (Bjorklund and Morrison 1997) and polyvinylchloride membrane modified with bathocuproine (Saito 1994) were proposed for copper determination. Organic-inorganic hybrid silica-based nanocomposites became increasingly popular for determining the composition of heavy metals, because they combine in a single material both properties of inorganic framework (rigidity, three-dimensional structure and mechanical stability) and specific chemical reactivity of the organic component. However, to the best of our knowledge, silica gel sequentially modified with polyhexamethylene guanidine and Bathocupr has not yet been proposed for copper determination.
In this paper, a new solid-phase reagent based on macroporous silica gel sequentially modified with polyhexamethylene guanidine (PHMG) and Bathocupr was proposed. The reagent is recommended for adsorption-photometric and VT determination of copper in technogenic and natural waters.
MATERIALS AND METHODS

Chemicals
The stock Cu(II) solution was prepared by dissolving an exact portion of high-purity copper (99.999%) in nitric acid. Chloride solutions of iron(III), cobalt(II), aluminium(III), cadmium(II), chromium(III), bismuth(III), calcium(II), mercury(II), potassium(I), sodium(I), magnesium(II), strontium(II), nickel(II), lead(II), tin(II) and zinc(II) were prepared by diluting stock solutions obtained from Merck (Darmstadt, Germany). The required pH was adjusted by adding HNO 3 , NaOH or acetic buffer solution, which is prepared by treating 1.0M NaOH with 1.0M acetic acid. The hydroxylamine hydrochloride (0.1M; Sigma-Aldrich, Germany) solution was used to reduce Cu(II) to Cu(I). An accurately weighted proportion of PHMG salt (Termit, Ukraine, purity higher than 95%) was dissolved in deionized water to prepare the PHMG solution. The 2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulphonic acid used in the experiments was obtained by diluting stock solutions (Sigma-Aldrich, Germany). Deionized water was used in all experiments.
Apparatus
An atomic absorption spectrometer (Analyst 800; Perkin-Elmer, USA) with flame (acetylene-air; i.e. FAAS) and graphite furnace (i.e. graphite furnace atomic absorption spectrometry or GFAAS) atomizers was used to determine copper concentration (l = 324.8 nm) in the aqueous phase. Absorption spectra were measured using Cary 100 spectrophotometer (Varian, Australia).
Diffuse reflectance spectra over the range of 380-720 nm were measured using Pulsar spectrophotocolorimeter (Chimavtomatica, Moscow, Russia). Spectra were plotted against coordinates calculated using the Kubelka-Munk function, that is, F(R) = (1-R) 2 /2R -wavelength (nm). The pH measurements were carried out with a SevenEasy pH Meter S20 (Mettler-Toledo, Greifensee, Switzerland) calibrated against two standard buffer solutions of pH 1.68 and 9.11. The adsorbent was stirred with Shaker WU-4 (Premed, Poland).
Adsorbent
Silica gel Silochrom S-120 (0.1-0.2-mm fraction; specific surface area, approximately 120 m 2 /g; average pore diameter, approximately 40-45 nm) was used as a matrix for the adsorbent synthesis. The adsorbent was prepared as described previously (Trofimchuk et al. 2008 ). The inorganic oxide was treated sequentially with aqueous solutions of PHMG and sulphur derivative of organic reagent to obtain the adsorbent.
Fixation of PHMG on inorganic oxide surfaces occurs due to the formation of multi-centred hydrogen bonds between the amino groups of polyamine and the hydroxyl groups of silica gel. Fixation of Bathocupr occurs due to an interaction between negatively charged sulphonic groups of the reagent and the protonated amino groups of PHMG immobilized onto the silica surface. Solid-phase extraction of Bathocupr was studied by controlling its residual concentration by measuring its own light absorbance at 290 nm in aqueous solution. First, silica gel was activated by refluxing it in NaOH solution for 2 hours, and then repeatedly washed with deionized water until its surface becomes alkali free (pH = approximately 7). Then 10 g of silica gel was mixed and stirred with 100 ml of PHMG solution (1%) at room temperature for 30 minutes, filtered and washed with deionized water until its surface becomes PHMG free. The concentration of residual PHMG in solution was controlled by titration with standard sodium dodecyl sulphate solution in water-chloroform alkaline media using bromophenol blue as indicator (Rudnev and Dzheroyan 2006) . The adsorbent prepared in this stage (i.e. SG-PHMG) was stirred with 50 ml of 0.04% Bathocupr solution for 10 minutes. The modified adsorbent (SG-PHMG-Bathocupr) was washed two times with deionized water, separated from the solution by decantation and dried in air. An ensemble of organic compounds linked by intermolecular interactions appears during sequential treatment of silica gel with PHMG and bathocuproine.
The PHMG fixed on silica gel surface was not removed by washing with highly saline solutions (up to 100 g/l NaCl) and 6.0M HCl. The adsorbent SG-PHMG maintains its adsorption activity when interacting with bathocuproine for up to 3 years.
Bathocuproine fixed on the surface is stable in solution containing up to 5.0 g/l NaCl and 0.01M HCl. Strong fixation of PHMG on the surface allows to use SG-PHMG for modification with Bathocupr repeatedly in case of reagent desorption. The SG-PHMG-Bathocupr adsorbent maintains its high affinity for copper adsorption for 1 month.
Adsorption of Cu(I) onto the SG-PHMG-Bathocupr Surface
Cu(I) adsorption was studied using batch and dynamic modes at room temperature. Copper extraction was studied as a function of pH and contact time. Cu(II) solution (0.1 mg/ml) in 0.1M nitric acid was added into a graduated test tube with a ground plug. To this mixture, 1.0 ml of 1.0M hydroxylamine hydrochloride and 5.0 ml of acetic buffer solution (to adjust pH 4.0, 5.0, 6.0) or NaOH solution (to adjust pH 7.0, 8.0, 9.0) were added. The volume of this solution mixture was adjusted to 10.0 ml by adding deionized water. Then, the solution with adsorbent (0.100 g) was intensively stirred for 20 minutes. The adsorbent was isolated from the solution by decantation, moved into a fluoroplastic cell, and the diffuse reflectance coefficient (R) at 480 nm was measured. Then, the residual copper concentration in the solution was determined by FAAS.
To estimate the equilibration time, 1.0 ml of Cu(II) solution (1.0 mg/ml) was added into a test tube. To this mixture, 1.0 ml of 1.0M hydroxylamine hydrochloride and 5.0 ml of acetic buffer solution (pH 6.2) were added and volume of the solution was adjusted to 10.0 ml with deionized water; 0.100 g of adsorbent was added to the solution, and the mixture was intensely stirred for the selected periods (1, 3, 5, 10, 20 or 30 minutes). The adsorbent was then isolated from the solution by decantation, moved into the fluoroplastic cell and diffuse reflectance coefficient at 480 nm was measured. The residual copper concentration in the solution was then measured.
Under dynamic mode, a solution (50-100 ml) of copper at selected concentrations (0.1-100 mg/l;pH 6.2) containing hydroxylamine hydrochloride was passed at a rate of 1.0 ml/minute through the chromatographic microcolumn (inner diameter, 3 mm; height, 5 cm) containing 0.100 g of the adsorbent. The adsorbent was washed with deionized water, taken out of the microcolumn, placed into the fluoroplastic cell, and diffuse reflectance coefficient at 480 nm was measured.
Plotting the Calibration Graph for Copper Determination Using Adsorption-Photometric Technique
Solutions (1.0 ml) containing 0.05-20 mg Cu(II) were added into a series of graduated test tubes with ground plugs; 1 ml of 1.0M hydroxylamine hydrochloride and 5.0 ml of acetic buffer solution (pH 6.2) were added and the volume of the solution was adjusted to 10 ml with deionized water. Solutions were strongly stirred with 0.100 g of adsorbent for 10 minutes. The adsorbent was then isolated from the solution by decantation, moved into the fluoroplastic cell and diffuse reflectance coefficient at 480 nm was measured.
Preparation of Colour Scale for VT Determination of Copper in Solution
Solutions (1.0 ml) containing 0.05-20 mg Cu(II) were added into a series of graduated test tubes with ground plugs; 1.0 ml of 1.0M hydroxylamine hydrochloride and 5.0 ml of acetic buffer solution (pH 6.2) were added and volume of solution was adjusted to 10.0 ml with deionized water. Solutions were strongly stirred with 0.100 g of adsorbent for 10 minutes. The adsorbent was then isolated from the solution by decantation, moved into the fluoroplastic cell plate in the order of increasing concentrations of copper. Adsorbent with unknown copper concentration was placed in the cell of separate fluoroplastic plate, which was moved along the colour scale. The colour of the adsorbent was visually compared with the scale colours. The colour scale is stable in an atmosphere of air and does not change its spectroscopic properties at least for 1 month. Such a reagent stabilization by immobilization onto a silica surface has been previously demonstrated for dithizone (Zaporozhets et al. 1999b ).
Plotting the Calibration Graph for Copper Determination Using Indicator Pipe Method
Solutions containing 0.05-20 mg Cu(II) were added into a series of graduated volumetric flask with ground plugs; 1.0 ml of 1.0M hydroxylamine hydrochloride and 5.0 ml of acetic buffer solution (pH 6.2) were added and the volume of the solutions was adjusted to 50 ml with deionized water. Solutions were passed through the glass pipe (inner diameter, 3 mm; length, 5 cm) containing 0.100 g of adsorbent. While the solution passes through the pipe, the adsorbent changes colour from yellow to red. The length of this coloured segment depends on copper concentration in the solution under analysis. Copper concentration was determined by the length (l, mm) of the coloured segment using calibration graph.
Determination of Copper in Technogenic and Tap Waters
The aliquot (1.0 ml) of water being analyzed is added into a graduated test tube with a ground plug; 1.0 ml of 1.0M hydroxylamine hydrochloride and 5.0 ml of acetic buffer solution (pH 6.2) were added, and volume of the solution was adjusted to 10.0 ml with deionized water; 0.100 g adsorbent was added to this solution. The test tube was closed with a stopper and strongly stirred for 10 minutes. The adsorbent was then isolated from the solution by decantation, moved into the fluoroplastic cell and diffuse reflectance coefficient at 480 nm was measured.
RESULTS AND DISCUSSION
Interaction of Cu(I) with Bathocupr Immobilized onto SG-PHMG
It was found that Cu(I) was quantitatively extracted (recovery rate, approximately 99%) from solutions at pH 2-7 ( Figure 1, curve 1) . Decrease of recovery at pH < 2 and at pH > 8 probably can be explained by partial desorption of modifying agents from the surface.
The point of equilibrium of copper adsorption under optimum conditions was achieved in 5 minutes. The isotherm of copper adsorption (Figure 2) can be referred to as the L type (Parfitt and Rochester 1983) , which proves the high affinity of Cu(I) to the modified surface. The maximum Cu(I) adsorption capacity is two times lower than the surface concentration of Bathocupr (Figure 2 ), suggesting that copper forms orange-coloured complex with Bathocupr (ratio of Cu:Bathocupr = 1:2 on the surface).
Both the equilibrium of copper adsorption onto SG-PHMG-Bathocupr and the most intense colour of adsorbent are achieved within 10 minutes. Diffuse reflectance spectrum of surface complexes has a wide band in the range of 400-550 nm with a maximum at 480 nm (Figure 3 , curve 1). The Cu(I) complexes formed with Bathocupr in aqueous solutions also have the same spectroscopic characteristics (Figure 3 , curve 2; Marczenko and Balcerzak 1998) . This fact confirms the formation of complexes with the identical stoichiometry in solution and on the adsorbent surface. The colour of surface complex maintains a maximum intensity in the pH range of 5-8 (Figure 1,  curve 2) . Probably, at pH 2-5, the Cu(I) coordinates with one nitrogen atom of bathocuproine. This process provides quantitative extraction of copper. At pH > 5 deprotonation of the reagent occurs (pK a = 5.3 ± 0.2) and as a result a coloured chelate compound is formed. As the copper amount on the adsorbent surface increases, the colour intensity of adsorbent increases proportionally. This phenomenon was used for the development of adsorption-photometric method of copper determination. Under the optimal conditions for a heterogeneous reaction, the calibration equation for copper determination is as follows:
DF(R) 480 = (0.03+0.04) + (1.30+0.01) ¥ c (mg per 0.1g of adsorbent) (R 2 = 0.997).
The calibration function is linear up to 10 mg per 0.1 g of adsorbent. The various parameters that influence copper recovery using the modified SG do not change up to V/m = 1000 ml g -1 . The detection limit calculated using the 3s criterion was 0.01 mg per 0.1 g of adsorbent, which corresponds to 1.0 mg/l if volume of the solution was 10 ml and 0.1 mg/l if volume of the solution was 100 ml. The relative standard deviation using adsorption-photometric technique did not exceed 0.05.
Effect of Foreign Ions
To check the selectivity of the proposed techniques, the effect of some other ions (major components of natural waters) on copper concentration determination was investigated. A 5% lower recovery rate in comparison with the value observed in the absence of interfering ions was used as a criterion of interference. Selectivity coefficients are given in Table 1 . Presence of salt (NaCl or Na 2 SO 4 ) up to 50 g/l does not interfere with Cu(I) concentration determination. Therefore, high selectivity is the important advantage of the techniques proposed.
Adsorption-Photometric Determination of Copper in Technogenic and Tap Waters
The developed adsorption-photometric procedure was applied to determine copper concentrations in waters of different types. Wash waters from the galvanic station and tap water were chosen as technogenic and tap waters, respectively. The results of copper determination in waters using the developed and the alternative FAAS and GFAAS procedures are given in Table 2 . The results obtained are reproducible and reliable. This confirms good accuracy of the technique developed. Water from the batch number 1 6.8 ± 0.1 6.9 ± 0.1 3
Water from the batch number 2 before purification 0.98 ± 0.05 1.00 ± 0.02 4
Water from the batch number 2 after purification 0.15 ± 0.02 0.13 ± 0.02
Determination of Copper in Waters Using VT and Indicator Pipe Methods
Formation of intensively coloured Cu(I) complexes with Bathocupr on the surface of modified adsorbent was used to determine copper concentrations using two methods, namely, the colour scale method and the indicator pipe method. The colour scale method is based on visual detection of copper concentration by comparing adsorbent colour with standard scale (Figure 4 ). Minimum quantity of copper that might be detected visually is 0.05 mg (using 0.1 g of adsorbent). The indicator pipe method has some advantages. For example, copper determination by the length of coloured segment of indicator pipe is more accurate. The calibration function is as follows: l (mm) = 3.5·c (mg per 0.1 g adsorbent) (R 2 = 0.996)
The calibration function was linear up to 10.0 mg of copper. The minimum quantity of copper that might be detected visually is 0.05 mg per 0.1 g of adsorbent, which corresponds to 1.0 mg/l if volume of solution is 50 ml.
A comparative description of diffuse reflectance spectroscopic (DRS) and VT methods of copper determinations is represented in Table 3 . It shows that the sensitivity of adsorption-photometric method using Bathocupr immobilized onto SG-PHMG is higher than sensitivity of other known methods.
CONCLUSIONS
The suggested synthesis of an adsorbent based on macroporous silica gel sequentially modified with PHMG and Bathocupr has several advantages over other methods, including its operation simplicity and in the option of using available reagents. The sensitivity of DRS and VT methods using this adsorbent is higher than other known methods. Methods developed are simple and rapid, and offer faster and more effective solutions for analyzing waters of different types.
